Phases and microstructure in as-cast, annealed at 850 C, and subsequently cooled Ue23Pue9Zr fuel were characterized using scanning and transmission electron microscopy techniques. SEM examination shows formation of three phases in the alloy that were identified in TEM using selective area diffraction pattern analysis: a-Zr globular and elongated d-UZr 2 inclusions and a thick oxide layer formed on top of b-Pu phase, which has been initially assumed to be z-(U, Pu). However, further examination of the crosssectional TEM specimens identified the matrix phases as d-UZr 2 , b-Pu, and (U, Zr)ht. Two types of inclusions were observed in the immediate vicinity of the specimen surface and they were consistent with a-Zr and z-(U, Pu).
Introduction
Metallic fuels are considered for application in advanced fast reactors because of their high burn-up, high fissile and fertile density capability, and high thermal conductivity with significant safety benefits [1] . Metallic fuels have several potential advantages, such as simple fabrication, robust performance, benign response to reactor transients, and relatively easy recycling using compact molten salt electrochemical processing. The uraniumeplutoniumezirconium (UePueZr) alloys are considered to be one of the most promising metallic fuels. The addition of Zr in UePu matrix was sought to increase the melting temperature of UePu alloys and to enhance compatibility between the fuel and stainless-steel cladding by suppressing the interdiffusion of fuel and cladding constituents during steady-state reactor operations.
Extensive studies have been carried out to understand fuel swelling, fuel performance during transients, failure mechanisms, behavior following benign failure and complete failure of fuel pins, and mechanical and chemical fuel-cladding interactions [2e4] . Constituent migration between radial zones of a cylindrical fuel element and their redistribution can lead to inhomogeneity of the initially uniformly mixed alloys. Inhomogeneity of metallic fuels can lead to phase transformations, solidus temperature change, and local changes in fissile atom density, which can alter mechanical and physical properties of the fuel and affect its behavior and performance [4] . However, complete understanding of the irradiation behavior of UePueZr transmutation fuels cannot be achieved without accurate knowledge of the phases and microstructure of unirradiated fuels. Kurata has conducted a detailed thermodynamic assessment of the UePueZr system [5] . A detailed structural and chemical compositional analysis of phases formed in these fuel alloys is yet to be conducted.
Phases formed in Pu-based systems have been previously experimentally investigated using thermal analysis techniques, Xray diffraction (XRD), and wavelength and energy dispersive spectroscopy (EDX/WDX) in scanning electron microscopes (SEM) [6e9] . The issue associated with both XRD and SEM analyses is that both techniques are surface-based. In addition, spatial resolution, magnification-dependent sensitivity of EDX/SEM, and overlap between U and Pu peaks in EDX results in questionable quantitative chemical analysis of Pu-based phases. To avoid such uncertainties, detailed structural and chemical composition analysis of phases and microstructure of Ue23Pue9Zr fuels has been conducted in the transmission electron microscope (TEM). The high spatial resolution of TEM allowed characterization of individual matrix phases. Selected-area electron diffraction (SAED) using transmission electron microscopy provided important space-group information and lattice parameters of the phases formed in ternary UePueZr system.
Materials and methods
The fuel alloy with nominal composition of Ue23.3Pue8.7Zr (in wt%) was selected in this study. To simplify, the fuel alloy will be referred to as Ue23Pue9Zr. This fuel was a part of a larger specimen matrix in which both Pu and Zr compositions varied from 10 at% to 60 at%. In this contribution, fuel with 20 at% Pu composition and 20 at% Zr composition was selected for examination (Ue20Pue20Zr in at%). The alloys were constituted by weighing out the raw materials in the proportions required to meet the desired fuel composition. Compositions of most alloys were verified using inductively coupled plasma-mass spectroscopy (ICP-MS).
The fuel was arc cast in an inert atmosphere glove box using a drop casting technique. The homogenization of the alloy was achieved by melting the alloy twice and inverting it before each melting. Final melting of the alloy was followed by casting of the alloy in a ZrO 2 coated quartz tube, and dipping the tube into the molten liquid. The liquid was drawn up into the tube using a syringe. The slug dimensions for the cast fuel were approximately 5 cm in length and 4.9 mm in diameter. After casting, the alloy was annealed at 850 C for 96 h followed by natural cooling in the furnace for one day. The specimen was allowed to cool to ambient temperature under argon flow. The cylindrical alloy slugs were sectioned into several samples designated for microstructural characterization. A transverse slice of the fuel was embedded in acrylic resin. The surface of fuel slug was polished through a 1 mm diamond solution to a mirror polish prior to analysis. Since even ultra-high purity argon used during fabrication and annealing of the specimens can contain oxygen and other reacting gases, formation of oxides at the initial interface cannot be overruled. It is possible that the formed phases have been stabilized by impurities.
Surface of the specimen was initially examined using EDX/WDX techniques in a JEOL JSM 7000F field emission SEM operated at accelerating voltage of 20 kV. SEM was used to examine the formed microstructure and determine the location of the phases of interest. To reduce charging in the SEM, a layer of Au coating was applied to the sample surface prior to the insertion into the instruments. Cross-sectional specimens for transmission electron microscopy (TEM) were prepared in a FEI QUANTA 3D field emission gun (FEG) dual beam focused ion beam/scanning electron microscope (FIB/ SEM) using a lift-out approach. Specimens for transmission electron microscopy were characterized in a FEI Tecnai TF30-FEG STwin TEM operated at 300 kV.
Results and discussion
It has been previously shown that in the temperature range of 650e750 C, UePueZr alloys consist of the bcc solid solution of the g-U phase with dissolved Pu and Zr [9] . The bcc g phase exists in two-phase mixture with the tetragonal z-(U, Pu) phase down to 600 C and transforms to the hexagonal d-UZr 2 phase below 600 C [8] . At temperatures below 500 C, z-(U, Pu) phase rejects the orthorhombic a phase (UePu solid solution) [8, 10] . The bcc g phase cannot be retained upon cooling of the alloy and it decomposes into z-(U, Pu) and d-UZr 2 phases during cooling process [8] .
The fuel alloy selected for this study was annealed at 850 C for 96 h and was cooled to an ambient temperature in furnace under argon flow with heat turned off. The temperature drop was not monitored and kinetics of cooling process was not estimated. However, based on previous observation, cooling process was not rapid. Since the sample was not quenched to preserve phases formed at 850C, phases formed in the specimen were nonequilibrium. Authors expected to observe remnants of high temperature phases with majority of the phases corresponding to low temperature and room temperature phases.
The extrapolated room temperature ternary UePueZr phase diagram in Fig. 1 suggests that there should be two predominant phases present in the alloy: the d-UZr 2 and z-(U, Pu), and possibly a small amount of a-U phase. The d-UZr 2 phase has an AlB 2 type structure (hexagonal setting, P6/mmm space group), is nonstoichiometric, and should have extensive solid solubility for plutonium. The z-(U, Pu) phase belongs to the R-3m space group with 58 atoms in the primitive unit cell and ten atoms in the asymmetric unit cell [11] .
The room temperature X-ray diffraction (XRD) measurement conducted on an alloy with composition similar to Ue23Pue9Zr (Ue24Pue15Zr) identified the d-UZr 2 and z-(U, Pu) phases, a small amount of non-equilibrium g-U phase, and high weight fractions for a-Zr on the order of 50 wt% [10] . Similarly to this study, the Ue24Pue15Zr alloy was made using an arc melter with the drop casting technique and was heat-treated at 850 C for 96 h [10] . The presence of the observed high temperature g-phase in the reported study was an indication of a non-equilibrium state formed upon rapid quenching of the cast alloys [10] . Further treatment most likely would have transformed the non-equilibrium metastable g-U phase into equilibrium z-(U, Pu) and d-UZr 2 phases. Formation of an a-Zr phase is not anticipated as it can be seen from the extrapolated room temperature phase diagram for the alloy composition under study (Fig. 1) . However, Zr-rich phases, stabilized by dissolved impurities such as N, O, and C, were previously observed in a variety of transmutation fuels [8,12e16] . These Zr-rich phases are assumed to be a-Zr that formed during alloy preparation because of the interstitial impurities present in the feedstock [8] . Even so, existing phase diagrams indicate that the equilibrium room-temperature a-
Evaluation of the isotherms for the ternary phase diagram confirms that upon cooling the Ue23Pue9Zr alloy should undergo four equilibrium phase transitions. The g-U (U ht2-Pu ht5-Zr ht) phase transforms to g-U with z-(U, Pu) between 650 and 595 C; to g-U, d-UZr 2 and z-(U, Pu) between 595 and 580 C; then to d-UZr 2 and z-(U, Pu) between 580 and 550 C; and finally to a-U, d-UZr 2 and z-(U, Pu) at temperatures below 550 C [10e12]. Fig. 2 shows backscattered electron micrographs acquired from the surface of the fuel slug. Multiphase microstructure can be noted e inclusions with dark contrast, large light elongated features, and medium contrast textured matrix likely correspond to three different phases. These dark inclusions appear approximately uniform in size and shape throughout the sample and are distributed evenly. In addition, large, elongated light contrast features are uniformly distributed on the surface of the sample. EDX point scans and WDX maps were collected from each identified phase. However, unavailability of standards for transuranic elements in the EDX/WDX software prevented obtaining meaningful quantitative or semi-quantitative compositional data and thus the results are represented in the form of qualitative X-ray map data. Fig. 3 shows representative X-ray maps collected from the fuel surface. The WDX detector was used to produce maps of intensities of selected characteristic X-rays from each element individually. Light elements were collected using EDX detector. Each map was adjusted for contrast and brightness to emphasize spatial variations in intensity. Brighter areas in each map represent higher concentrations of the element of interest. Less bright areas in the same map indicate lower concentrations. Note that equally bright areas in different maps do not represent comparable concentrations. Dark globular inclusions correspond to the phase with high Zr content. Large, elongated light features correspond to phases enriched with both U and Zr. The matrix has U higher content. The U concentration in the upper right region of the matrix is due to the lower number of frames collected for U in WDX as compared to Pu.
Precise identification of the phases could not be carried out from qualitative X-ray maps shown in Fig. 3 .
Instead, identification of the formed phases was conducted in TEM by comparing experimental selective area electron diffraction (SAED) patterns to simulated patterns from published crystal structures produced using JEMS software [17] . In addition, d spacing of each diffraction pattern was measured and compared to the published crystallographic data. Two cross-sectional TEM specimens (each approximately 15 mm Â 10 mm Â 0:1 mm in size) were prepared from two different locations within the specimen. Fig. 4 shows scanning transmission electron micrographs acquired from the first cross-sectional specimen. The textured matrix observed during SEM analysis (Fig. 2) does not actually correspond to the matrix (Fig. 4) . Red arrows in Fig. 4 indicate location of these textured features on the lamella. Based on TEM and scanning TEM (STEM) examination, the textured features observed on the surface of the parent sample are oxide layers formed on top of the specimen matrix. Several distinctive features were observed in the lamella and the bottom row of micrographs in Fig. 4 provides a higher magnification overview of those features. Since the specimens were prepared in a FIB, one could expect Ga beam damage at% O based on EDS results), seen in Figs. 5 and 6 is due to the specimen exposure to air during specimen transfer between instruments. Despite the efforts to promptly transfer samples to TEM upon unloading from the FIB, samples were exposed to air for 5 min in order to take radiological smears from the equipment and follow safe radiological practices. Fig. 6 shows STEM micrograph and additional SAED patterns of phases identified from the first lift-out specimen. In addition to the identified z-(U, Pu), d-UZr 2 , and b-Pu phases, a-Zr precipitate has been found. The dark contrast Zr-enriched globular features observed on the surface of the specimen (Fig. 2) correspond to a-Zr. These a-Zr inclusions seem to be associated with the larger fraction of d-UZr 2 phase observed in the fuel. Previous studies indicated migration of zirconium to the surface of the sample during heat treatment, and separation of a-Zr phase from the matrix to form a thin layer on the surface of the fuel [10] . It is believed that formation of oxygenated surface upon exposure of the sample to air, coupled with migration of Zr towards the oxygen upon heating of the specimen, results in formation of the a-Zr [10] . Our study confirms this theory as we observe a-Zr precipitates in the immediate vicinity of the surface, where the passivation layer has formed prior to annealing.
Passivation will occur with fuels going into reactors, but it most likely will not affect the fuel performance significantly. SEM analysis of the fuel suggests formation of a large number of randomly distributed a-Zr precipitates but the precipitates are small in size.
However, passivation layers will influence bulk analysis techniques, such as XRD. The abundance of a-Zr will diminish the equilibrium proportions of phases in XRD samples as the XRD data acquisition is confined to the surface of the fuel. These passivation layers will prevent measurement of the kinetics of phase transitions at high temperatures. The kinetics information is critical for developing scientific understanding and increasing fuel-modeling reliability.
An overview of the microstructure in the second lift-out is provided in Fig. 7 . The microstructure of the second lift-out differs from the first. Even though the features on the surface look similar to the first lift-out e oxidation layer on top of the b-Pu phase that is located next to the d-UZr 2 phase e more complex features form away from specimen surface. can be attributed to thinning of d-UZr 2 phase and formation of a slightly thicker (U, Zr)ht phase next to it. The contrast of (U, Zr)ht phase dominates in the two regions seen in Fig. 9 . The observed bcc (U, Zr)ht phase is a high temperature phase that is stable down to 610 C, where it overlaps with d-UZr 2 phase. The (U, Zr)ht phase was most likely trapped by d-UZr 2 and b-Pu phases during the Pu phase exists in a narrow band between 125 and 278 C and is formed due to the eutectoid reaction between a-Pu and z-(U, Pu) [18, 19] . It is reasonable to assume that a-Pu and majority of z-(U, Pu) transform into b-Pu phase during cooling. This could explain why only a few z-(U, Pu) precipitates and no a-Pu were observed in the fuel alloy during examination. In summary, several phases have been found in Ue23Pue9Zr alloy during TEM analysis: z-(U, Pu), dUZr 2 , b-Pu, (U, Zr)ht, and a-Zr. Only three of these phases have been previously reported: a-Zr, z-(U, Pu), and d-UZr 2 . Since majority of the previous reports used surface based analysis techniques, it is not surprising that b-Pu and (U, Zr)ht phases have not been observed. Cross-sectional TEM specimens prepared in the FIB show the microstructure of the fuel beyond the surface layer.
Summary
This paper identified and characterized phases formed in the Ue23Pue9Zr alloy. The study combined SEM and TEM examination of the alloy with electron diffraction data obtained using transmission electron microscopy. Initial SEM examination indicated formation of three phases in the fuel e Zr enriched globular inclusions, U and Zr enriched phase, and U enriched matrix. SEM examination was followed by detailed TEM analysis. Implementation of a FIB instrument allowed for the preparation of crosssectional TEM specimens from these transuranic samples. The high spatial resolution of TEM data allowed for the determination of the structures of individual phases. The U enriched matrix observed in SEM in fact corresponds to an oxide layer formed on top of the b-Pu phase. TEM examination showed that the matrix consists of d-UZr 2 , b-Pu, and (U, Zr)ht phases, which could not be determined based on SEM analysis. Two types of small inclusions were observed in the fuel, which were consistent with a-Zr and z-(U, Pu) phases. Sample annealing produced a-Zr, b-Pu, and (U, Zr)ht phases as determined by SAED analysis, which are not indicated in the room temperature phase diagram for the alloy under study. The 
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